Light slowdown in the vicinity of cross-over resonances 



M. Perdian, A. RaczynskQ and J. Zaremba 
Instytut Fizyki, Umwersytet Mikolaja Kopernika, uUca Grudzig,dzka 5, 87-100 Torun, Poland, 

S . Zielinska-Kaniasty 
Instytut Matematyki i Fizyki, Akademia Techniczno-Rolnicza, 
Aleja Prof. S. Kaliskiego 7, 85-796 Bydgoszcz, Poland. 

Pulse propagation is considered in an inhomogeneously broadened medium of three-level atoms 
in a V-configuration, dressed by a counter-propagating pump pulse. A significant signal slowdown 
is demonstrated in this of the three frequency windows of a reduced absorption and a steep normal 
dispersion, which is due to a cross-over resonance. Particular properties of the group index in the 
vicinity of such a resonance are demonstrated in the case of closely spaced upper levels. 
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In recent years an interest has grown in studying light propagation in atomic media having very special controlled 
optical properties. The susceptibility of those media is steered by control or pump laser fields to create the conditions 
of a lowered absorption accompanied by a steep normal dispersion P|. The majority of works in this field have 
been done for three-level atoms in the A configuration, for which it was possible to experimentally achieve 13, W\ and 
theoretically describe ^ light slowdown or even light stopping in the conditions of the electromagnetically induced 
transparency @ . Reviews of various aspects of " slow light" concerning both basic physical aspects as well as potential 
applications can be found, e.g., in Refs 

Another situation, in which such a behavior of the susceptibility is encountered, is typical of the Doppler-free 
saturated spectroscopy 0. As recently pointed out by Agarwal and Dey in a region of the Lamb dip, created by 
a strong laser beam in a two-level system, conditions of a reduced absorption and steep dispersion are created for a 
counter-propagating signal pulse, being in resonance with the only transition in this system. 

In this work we make a step further and study light propagation in an inhomogeneously broadened medium of three- 
level atoms in the V configuration. Although general optical properties of such media are well known, as concerns 
the possible enhancement of the index of refraction there exists a completely new element compared with the case 
of two-level systems. In addition to two resonances due to a resonant coupling between two states, there appears a 
cross-over resonance ^] and a region of a peculiar behavior of the susceptibility connected with it. In this region one 
observes a significant reduction of the absorption and a steep normal dispersion. We thus have to do with a kind of a 
transparency window, in which the group velocity is reduced but, in contrast to the case of the A configuration, the 
absorption is not completely suppressed. Note that cross-over resonances have recently been discussed in the context 
of double dark resonances appearing in generalized A systems with an additional coupling to a fourth level [TJ . 

In this paper we will investigate the pulse propagation in the vicinity of a cross-over resonance. In particular we will 
evaluate the scale of the effect of the pulse slowdown and its dependence on the energy spacing of the upper levels. 

Consider a three-level model atom with a single lower state b and two upper states a and d. The lower state is 
coupled with the upper states by two counter-propagating fields: the weak signal field ^ei{z,t) exp[i{kiz — uiit)] + 
ie^(z, t) exp[— i(fci2: — ujit)] (the phase of the signal changes during the evolution) and a relatively strong control field 
£2 cos{k2Z — uj2t) (^2 < 0). The density matrix p fulfills the von Neumann equation completed with the phenomcno- 
logical relaxation terms describing relaxation within the system. If we transform-off the terms rapidly oscillating 
in time and make the rotating wave approximation we obtain the following equations for the density matrix a 
{c^ba = Pba exp[-i(fc2Z - ^^2^)], cFbd = Pbd exp[-i(fc22; - ^^2^)]: ^ij = Pi] Otherwise) 

ihcTaa = -dabCTbai^ei exp[(i(fci - k2)z - i{uJi - LU2)t] + ^£2} + 

dbaCrab{^<^*l exp[i(fc2 - ki)z - i{uJ2 - UJi)t] + ^£2} - -ifl^aaCraa, 

■ifi^dd = -ddbcrbdi^f^i exp[(i(fci - k2)z - i{uji - c^a)*] + ^£2} + 

dbdcrdb{-^el exp[i(fc2 - ki)z - i{uj2 - u;i)t] + ^£2} - ihTddCTdd, 

itlffha = [Eb + hhJ2- Ea)<7ba + [dba{<Jbb - <Jaa) - dbd<J da]{]j^(-l CXp[i(fc2 - ki)z - i{w2 ~ i^l)t] + ^£2} - ihVbafybaiX) 

ih&bd = {Eb + huj2- Ed)(Tbd + [dbd{(^bb - o-dd) - dba(^ad]{^<^*i exp[i(fc2 - ki)z - i{uj2 - ^i)t] + ^£2} - i^^bdC^bd, 
ihdad = {Ea - Ed)aad ~ rfafccr&dl^ei exp[i(fci - k2)z ~ i{uji - 102)1] + ^£2} -I- 

4dCTah{^£t exp[i(fc2 - ki)z ~ {UJ2 - Wi)t] + ^£2} - ihTadCTad, 

where dij are the dipole moment matrix elements and F's - the relaxation rates. Equations (1) are solved perturbatively 
with respect to the signal field £1, i.e. we write cr^ — afj + where ct?- are the solutions (stationary) of Eqs (I) 
without the signal field, while u'l are linear in £1. In the Fourier picture the equations for u'^iui) read 

(W + iVaaWaa + -^dabe2Crba " '^'^baCr'ab = ^ ^^"'''^ba exp[i{ki - k2)z]ei{LJ - IVi + ^2) + 

^dhaO'°(,exp[i(A:2 - k-{)z\t\{-'UJ ^ ujx -0^2), 
(w -I- iVddYdd + -^ddbe2<Jbd - ^'^i'd(Jdb = ^^^dbCTbd exp[i(A;i - k2)z]ei{uj - uji + UJ2) + 



3 



-^dbdcr4bexp[i{k2 - ki)z]el{-ii> + lji - UJ2), 

{uJ + UJab-i^2+iYba)cr'i,^ + ^dbae2{<j'aa-<^'bb) + ^dbde2(T'da = (2) 

[dba{(ylb - - dbdo^i^ ^ exp[i(A:2 - kx)z\t\{-i^ + wi - ^2), 

(W + ij^db - W2 + jr6d)(7brf + -^dbde2{crM - O-ftfc) +^4ae2Cr^d = 

[dbdicTbb - c^dd) - dbao^l^ ^ exp[z(fc2 - A:i)2;]e^ (-W + wi - W2), 

(W - Wad + i^ad)(y'ad + -^dabi2o'^i - -^e2dbd(y'ab = 

-^rfaftO-M exp[i(A;i - k2)z\t\{ijj - wi + ^2)+ -^dbdc^ab exp[i{k2 - ki)z]el{-LJ + wi - ^2), 

where ujij — {Ei — Ej)/h. The equations for the other nondiagonal matrix elements fohow from the relation aij{u}) = 
cj*i{-u). Note that + cjO, + = 1, a^, + + a^, = 0. 
The polarization of the medium is P(f) = P^{t) + P~{t) where 

P+{t) = N[dba(T'ab{t) + dbda'bdit)] exp[z(fc2 - ki)z - i{iJ2 - (3) 
A'' being the medium density. Alternatively we may write 

P+(cj) = N[dbaO-'ab{^ + - UJ2) + dbdO-'dbi^ (^2)] cxp[«(fc2 - ki)z]. (4) 

This means that in the case of counter-propagating fields the contribution of the terms including e| in Eqs (2) 
is averaged to zero due to rapid spatial oscillations. The susceptibility is given by the formula xC'^j ^^ij '^2) = 

j^^^j^P{ijj) cxp[i{ki — k2)z], eo being the vacuum permittivity (the factor of 2 is due to the fact that we have 

included the factor of 1/2 in the definition of the electric fields). Because of the inhomogeneous broadening of the 
medium the calculated susceptibility is to be averaged over the atomic velocity distribution of the width D 



Xav{i^) = J X{^,^i- kiv,iJ2- k2v)--^=^exp[-^]dv. 



(5) 



Due to the susceptibility being a rapidly varying function of ui the group velocity Vg differs from c by the group 
index Ug = c/vg of a large value 

LOl d 

The propagation inside the sample of a light pulse of a spectral shape g{u)) is given by 

/oo Z CO Z 

g{u!) exp[-i(w(i )] exp[i— !— Xat>(w)]da;. (7) 
-00 c 2c 

For the sake of illustration we have performed numerical calculations of the susceptibility by finding a numerical 
solution of the stationary version of Eqs (1) with ei=0 and then by solving Eqs (2). Because our discussion of 
the influence of cross-over resonances on laser pulse propagation has a rather general character we have adopted 
somewhat arbitrarily the input data being of order of those corresponding to rubidium and its hyperfine splitting. The 
obtained susceptibility was averaged with the Gausssian distribution with kiD = 4.58 x 10^^ a.u. which corresponds 
to a Doppler FWHM of Aj/=502 MHz. The density of the mcdiiun was 3 x 10"^'' a.u. (2 x 10" cm"-'^). The 
atomic parameters were taken Uda = 4.06 x 10~* a.u. (i^=267 MHz), Wab = 5.845 x 10~^ a.u. (A = 780 nm), 
Taa = ^dd = T = 8.63 x 10"^" a.u. {Sv =5.7 MHz), Tba = ^bd = rad/2 = r/2, which corresponds to a spontaneous 
emission from both upper levels of a lifetime of 28 ns (a generalization for the case of different lifetimes of the two 
upper levels is straightforward). The matrix elements of the dipole moments were obtained from the values of the 
relaxation rates, assuming that the spontaneous emission occurs only to the lower state |6 >. The maximum pump 
field amplitude was 3.47 x 10"^" a.u. (4.23 mWcm"^). We have set cji = uj2 (^2 = -^i), ^-t^i = {Ea + Ed)/2 - Eb- 
Our scanning of the Fourier variable is equivalent to an independent scanning with the probe laser, as usual in the 
studies of electromagnetically induced transparency. 
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Fig. ^presents the group index as a function of frequency. The left and right maxima correspond to those frequencies 
for which one observes a steep normal dispersion and a reduced absorption due to the excitation by the probe pulse 
of the lower and upper excited levels, respectively, in two groups of atoms of such velocities that their number in the 
ground state has been decreased because of transitions to the same level due to the pump. Each of the two maxima 
is an analogue of the single maximum observed in Ref. [IQj . Our central maximum is a new phenomenon: we observe 
a reduction of the group velocity, connected with a steep dispersion and a reduced absorption in the frequency region 
which corresponds to a cross-over resonance, i.e. to an excitation of atoms from the holes of the velocity distribution 
to the upper states different from those which took part in the hole burning. The group index due to the cross-over 
resonance, similarly as that due to two-level resonances, can be as large as a few hundreds even for a small atomic 
density. 

If the lasers are not tuned exactly in the middle between the upper levels the three peaks are shifted and made 
asymmetric, because the population of the atoms of such a velocity that they can be active in the transitions is 
changed. 

Fig. 121 presents the shape of an initially Gaussian pulse inside the sample, propagating in the window of a reduced 
absorption around the cross-over resonance, obtained from Eq. (7). At the end of the 0.5 cm sample one observes a 
reduction of the height to the level of 3 % of the initial value due to the pulse absorption, which is a typical value in 
saturation absorption experiments, and a retardation by 4 x 10^ a.u. (about 10 ns) due to the decrease of its group 
velocity. 

Besides V systems composed of atomic hyperfine levels it is possible to realize such a system when the upper levels 
are chosen to be Zeeman sublevels of an excited level with properly chosen polarizations of the laser beams. The 
latter case allows for an additional control of the dispersive properties of the medium by changing the level spacings 
using an external magnetic field. 

It is interesting to study the situation in which the energy spacing of the close upper levels is of order of the natural 
width. Fig. Ul shows the frequency dependence of the group index for different level spacings. Curve 1, corresponding 
to Uda = 4r exhibits again three maxima, however with the central one lowered due a partial overlapping of the two 
holes burned out in the velocity distribution. Reducing the level spacing to 2r (curve 2) caused disappearing of the 
central peak, because the gap between the two holes has vanished. Merging the levels leads to a single peak (curve 3). 
This corresponds to a single dip in the absorption spectrum. It follows from the Bloch equations that such a situation 
is equivalent to the case of a two- level system, in which the upper state is a certain "bright" combination of |a > and 
\d > (the other orthogonal combination being decoupled from \b >), the transition dipole moment is ^jdbap + Mbdp 
and the dip is the Lamb dip. The widths of the holes depend on the intensity of the control field. Curve 1 in Fig01 
is the same as curve 2 in Fig. |21 Decreasing the field intensity leads to reappearing of the central peak (curve 2), 
because the holes have been narrowed and thus separated again. Increasing £2 causes such a broadening of the holes 
that they overlap, which yields the group index in the form of a single broad peak. The dependence of the heights 
of the peaks on the field intensity is connected with the fact that in weaker fields the holes are narrower, so are the 
transparency windows and the regions of a normal dispersion; as a consequence the dispersion curves are steeper and 
the group index is larger (Fig. 

We have demonstrated the possibility of a significant enhancement of the group index and a slowdown of a light 
pulse in an inhomogeneously broadened medium of three-level atoms in the V-configuration. The Doppler-averaged 
susceptibility exhibits three regions of a reduced absorption accompanied by a steep normal dispersion. We have 
examined laser pulse propagation in the central region corresponding to a cross-over resonance. The pulse slowdown 
is of the same order of magnitude as in the two remaining regions. In the case of closely spaced upper levels of a 
V system we have demonstrated how the frequency dependence of the group index changes depending on the level 
spacing and the pump field intensity. 
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Figures 



FIG. 1: The group index for the data given in the text. 10 a.u. on the frequency axis corresponds to 12 T. 



FIG. 2: The shape of a signal pulse along the sample; left: from top to bottom at z = 0, 2 = 2 x 10^ a.u., z — 6 x 10^ a.u., 
z = 10* a.u. (0.53 cm) for the data as in the text; right: normalized pulse peak at the end of the sample (dashed line) compared 
with an analogous pulse traveling in vacuum (solid line). 10^° a.u. on the time axis is equal to 2.4x10"^ s and corresponds to 

8.63 r-\ 



FIG. 3: The group index in the case of closely spaced upper levels for £2 = 3.47 x 10 a.u.: u)da = 4r (line 1), ujda = 2r (line 
2), i^da = (line 3). 10~® a.u. on the frequency axis corresponds to 1.2 F. 



FIG. 4: The group index in the case of closely spaced upper levels for Uda = 2F: 62 = 1.74 x 10 (line 1), eo = 3.47 x 10 
a.u. (line(2), eo = 10.4 x 10"^*^ a.u. (line 3). 10~^ a.u. on the frequency axis corresponds to 1.2 F. 
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